ABSTRACT: RNA folding is enabled by interactions between the nucleic acid and its ion atmosphere, the mobile sheath of aqueous ions that surrounds and stabilizes it. Understanding the ion atmosphere requires the interplay of experiment and theory. However, even an apparently simple experiment to probe the ion atmosphere, measuring the dependence of DNA duplex stability upon ion concentration and identity, suffers from substantial complexity, because the unfolded ensemble contains many conformational states that are difficult to treat accurately with theory. To minimize this limitation, we measured the unfolding equilibrium of a DNA hairpin using a single-molecule optical trapping assay, in which the unfolded state is constrained to a limited set of elongated conformations. The unfolding free energy increased linearly with the logarithm of monovalent cation concentration for several cations, such that smaller cations tended to favor the folded state. Mg 2+ stabilized the hairpin much more effectively at low concentrations than did any of the monovalent cations. Poisson−Boltzmann theory captured trends in hairpin stability measured for the monovalent cation titrations with reasonable accuracy, but failed to do so for the Mg 2+ titrations. This finding is consistent with previous work, suggesting that Poisson−Boltzmann and other mean-field theories fail for higher valency cations where ion−ion correlation effects may become significant. The high-resolution data herein, because of the straightforward nature of both the folded and the unfolded states, should serve as benchmarks for the development of more accurate electrostatic theories that will be needed for a more quantitative and predictive understanding of nucleic acid folding.
■ INTRODUCTION
RNA molecules carry genetic information and regulate gene expression in all kingdoms of life, and their cellular roles often depend on the intricate structures they can adopt and the interactions they make. 1 The acquisition of a functional form involves the pairing of single-stranded RNA into helices and, often, the juxtaposition of these helices into tertiary structure. For the folding process to be favorable, the energy of base pairing, stacking, and tertiary interactions must offset a concomitant reduction in the overall conformational entropy and an increase in the electrostatic repulsion between phosphate groups brought into proximity. Because RNA is strongly negatively charged, intramolecular electrostatic repulsion would present an insurmountable barrier to folding, were it not mitigated by ions present in the immediate aqueous environment. 2 This environment, termed the "ion atmosphere", is enriched in cations and depleted of anions relative to the bulk solvent, 3, 4 and rearranges in the event of folding or protein binding. 5 To understand the role of the ion atmosphere in nucleic acid folding, an interplay of experimental studies and electrostatic theories is needed. The ion atmosphere is fluctuating and unstructured, making it challenging to probe both experimentally and theoretically. 6−8 The Poisson−Boltzmann (PB) theory takes a mean-field approach, treating the solvent as a continuum dielectric and the ions as noninteracting point charges. 6, 9 This approach has been widely implemented, because of its relative simplicity and because several early studies comparing PB predictions with experimental observations found reasonable agreement (e.g., refs 10−12) .
Studies of complex RNAs have provided useful insights into general folding behaviors, but they also involve caveats that limit their ability to evaluate theories rigorously. The electrostatic "relaxation" of RNA molecules upon the addition of monovalent or divalent cations 13−15 was shown to be broadly consistent with expectations from polyelectrolyte theories, with much lower concentrations of divalent cations than monovalent cations required to attain equivalent relaxation effects. 13, 14, 16 Furthermore, some measured aspects of Mg 2+ -induced tRNA, 17 23S rRNA, 18 and RNA pseudoknot 19 folding have been fit by PB calculations with reasonable success. However, such success may arise not because PB provides an accurate description of ion atmosphere-related energetics, but because the fits involved simplified treatments of molecular ensembles (e.g., the unfolded and intermediate states were represented by small subsets of the full ensemble of possible conformers, or by ad hoc models) and adjustable parameters (e.g., the energetic contribution from tertiary structure formation). Moreover, in some cases, the fits did not take into account energetic contributions from specific metal−ion binding. In contrast to RNAs containing complex structures, smaller and simpler nucleic acids facilitate more direct comparisons between measurement and theory. Short DNA duplexes are structurally rigid, permitting direct probing of the shape 20−22 and content 3, 23 of their ion atmospheres. However, a fully predictive understanding of the ion atmosphere should also describe its consequences for the thermodynamics of folding, conformational transitions, and binding events. To probe energetics in the context of a simple folding process and further evaluate PB, one recent study examined two DNA duplexes tethered by a simple neutral linker. 24 This system showed that PB theory can reasonably account for at least some aspects of the thermodynamic roles of monovalent cations, but cannot account for the effects of divalent cations in screening charges and relaxing conformational ensembles. Similar conclusions were drawn from studies of the ion atmosphere in the context of DNA duplex melting. 25−29 The two thermodynamic states in duplex melting correspond to all duplex base pairs being intact or broken, and define a measurable free-energy change (ΔG). Yet even for this apparently simple system, the comparison of experimental and theoretical trends in free energies is hindered by the extensive structural heterogeneity of the unfolded duplex ensemble 30−32 ( Figure 1 ).
Here, we introduce a new approach to evaluate ion atmosphere effects on folding, where the unfolded state is well defined. We followed the unfolding of a DNA hairpin using a single-molecule optical trapping assay that exerts tension on the 3′ and 5′ ends of the molecule (Figure 2A ). Because the unfolded ensemble is physically constrained, it is extended and less structurally heterogeneous than a thermally or chemically denatured ensemble (Figure 1 ). This constraint allowed us to more fully represent the unfolded ensemble with all-atom models in PB calculations, rather than with the single cylindrical 25, 26, 29, 33, 34 or "grooved" models 27,28 used previously. We measured trends in ΔG across a range of concentrations of several monovalent cations and Mg 2+ . Comparison of our experimental data and predictions from PB theory recapitulates the previously reported strengths and shortcomings of PB. More generally, these and additional force-induced unfolding data may provide simple and therefore powerful benchmarks for further tests and development of electrostatic theories.
■ EXPERIMENTAL SECTION
Optical Trapping Assay. The 20R55/4T DNA hairpin 35 ( Figure  2B ) was attached to ∼1 kb double-stranded DNA (dsDNA) handles and ∼1 μm-diameter polystyrene beads to form dumbbells, which were measured in ionic solutions at 23 ± 0.5°C using a dual-beam optical trapping instrument, as described (ref 35; see also Supporting Experimental Procedures). Trap stiffness was calibrated regularly as described 36 by suspending beads in water and measuring Brownian fluctuations, Lorentzian roll-off frequencies, and displacements under flow. When measuring in buffer, each dumbbell was first stretched to obtain a force−extension curve (FEC), with intensities of the traps adjusted to provide stiffnesses in the range of 0.2−0.3 pN/nm. The portion of the FEC corresponding to 0−8 pN was fit to the worm-like chain (WLC) interpolation formula, 37, 38 and the dumbbell was discarded if the persistence length obtained was <20 nm (indicative of a multiple tether 35 ). Otherwise, the dumbbell was measured in the passive optical force clamp, 39 with one bead pulled into the zerostiffness region (ZSR) of the weaker trap, which was maintained ∼3-fold less stiff than the other. As the intensity of this trap (and Dumbbell single-molecule optical trapping assay (not to scale). The DNA hairpin (black) was attached to two polystyrene beads (blue) through dsDNA handles (green) and specific chemical linkages (yellow). Each bead was held in a separate optical trap (red), and force was exerted on the hairpin by moving the traps apart. (B) The hairpin sequence used throughout this work. (C) Representative singlemolecule data for a hairpin measured in 40 mM Na + . F 1/2 was determined as the inflection point of a Boltzmann fit to the fraction of time in the unfolded state versus force. Inset: 1 s excerpt of the 10 s extension record corresponding to the point nearest to F 1/2 . The record was partitioned into the unfolded (red) and folded (blue) states, and a Gaussian function was fit to the histogram of points on each side of the partition. Δx (∼18 nm) was determined as the distance between the peaks of the Gaussians. therefore the force) was stepped down sequentially, the bead moved within the ZSR and the hairpin was observed to fold and unfold stochastically, spending proportionately more time in the folded state (∼ ≤1% to ≥99%). The force was held constant for the duration of each step (10 s). The displacements of the beads from the traps, from which forces and extensions were calculated, were sampled at 20 kHz, low-pass Bessel-filtered online at 10 kHz and median-smoothed offline over 3.1 ms, a window size determined empirically to preserve the briefest hairpin folding events under the experimental conditions. Data Analysis. The data obtained for each hairpin molecule consisted of several (≥5) 10 s records of extension and force. As previously, 35 each record was partitioned into two states, corresponding to the hairpin being fully open or closed, and sorted into 0.1 nm bins. Histograms of extension derived from the two states were well fit by Gaussians ( Figure 2C ), and the distance between the Gaussian peaks was interpreted as the raw hairpin opening distance. The final opening distance (Δx) for the record was obtained by rescaling this raw distance by an amount determined by the displacement of the bead in the weak trap from the trap center (see ref 39 and Figure S1 ). This rescaling factor averaged 0.97 (±0.02 standard deviation) for all records from all molecules. Δx for each molecule was the average of the Δx values for the individual records, excluding those in which the hairpin spent >99% of the time in one state.
F 1/2 , the force at which the hairpin molecule spends equal times in the open and closed states, was determined from the midpoint of a Boltzmann fit to a plot of the fraction of time in the unfolded state versus force, with each point representing one record. Raw forces were based on trap stiffness calibrations performed in water. It is known that trap stiffness falls when solutes are added to an aqueous medium, arising mainly from an increase in the refractive index. 40 We remeasured the trap stiffness for every monovalent working buffer using the method of Brownian fluctuations, which is insensitive to minor differences in viscosity that may exist between buffers, and normalized the stiffness in each buffer to that measured in water ( Figure S2 ). The forces for all molecules measured in each buffer were then scaled to the normalized stiffness. The stiffness did not change significantly when 10 mM MgCl 2 was added to the 40 mM and 200 mM K + buffers; we therefore used the normalized stiffness for the corresponding monovalent buffer when rescaling the divalent force data.
ΔG, the free energy of opening the hairpin, was the product of Δx and F 1/2 . Uncertainties in these parameters are discussed in the Supporting Experimental Procedures.
Hairpin 43 The pernucleotide contour length (D p ) was determined by dividing D b by the fractional extension of ssDNA at the appropriate force and ionic strength, as modeled analytically by Cocco and co-workers. 44 ssDNA persistence length (L p ) was estimated using six previously published formulations that embody different dependencies on force and ion concentration (see Figure S3 ). The HEL model was run a total of 60 times per salt concentration (once per L p estimate per force, at 10 different forces). As was done previously, 35 model results corresponding to different input parameters were averaged together for each condition. The reported model values of F 1/2 , Δx, and ΔG ( Figure 3 , Figure 4 , Table S1) represent the means ± standard deviations of these parameters from all successful runs (2290 out of 2340 for all conditions).
Atomic Models for Poisson−Boltzmann Calculations. An initial atomic model of the folded DNA hairpin attached to two 25-bp handle fragments was created using Nucleic Acid Builder (NAB), 45 using the same sequences that were present experimentally, and assuming B-form structures for the helical regions. The abasic sites separating the hairpin from its handles were replaced by thymidine residues in the model. To represent the system at forces just below the hairpin unfolding force, the handle fragments were placed as far apart as possible without causing unreasonable bond lengths. From this point, the handle fragments were moved a further 18 nm apart, in accordance with a previous measurement of this hairpin sequence, 35 to generate the initial unfolded model.
Control calculations performed on models incorporating a 17 nm distance change, a 5 Å/bp rise of the handle DNA, 10 bp handle fragments, or no handle DNA at all did not produce substantially different trends in unfolding energies (Table S2 ). Molecular dynamics simulations were conducted to generate molecular ensembles from the initial structures (see Supporting Experimental Procedures).
Poisson−Boltzmann Calculations. We next calculated the electrostatic contributions to the unfolding energy of the DNA hairpin for each possible pair of folded and unfolded models, at each experimentally tested monovalent and divalent ion concentration. We assumed a thermodynamic cycle ( Figure S4 , respectively. (Here, we consider the radius inclusive of the first hydration shell, 46 because most ions in the ion atmosphere remain hydrated. 6 ) Experimental error bars represent total uncertainty, that is, the standard error on the mean of each measurement added to estimates of systematic uncertainty. Linear fits to the data are shown in color, with ΔG nonel treated as an adjustable parameter. Values of ΔG el calculated with the PB equation (triangles) were fitted by χ 2 minimization to all five data sets pooled together (A) or to the Na + data set only (B). Uncertainties in the PB energies are smaller than the heights of the symbols. Predictions of experimental parameters were also calculated using the HEL model (black trace; uncertainty envelope in pink) and mfold ( ■ , 5% uncertainties not shown).
AMBER force field, as implemented in the PDB2PQR utility, 48, 49 while the ΔG Coulomb values were evaluated using the APBS accessory program coulomb (see Supporting Experimental Procedures for further details). Substituting the CHARMM force field for the AMBER force field in the nonlinear Poisson−Boltzmann calculations did not significantly affect trends in ΔG el (Table S2) .
Size-modified Poisson−Boltzmann calculations were also conducted using an in-house modified version of APBS, 50 and the results did not strongly differ from those of standard PB (see Table 1 and Table S3 ).
■ RESULTS
The Effect of Varying Cation Concentration and Identity on Hairpin Stability under Force. Each molecule was measured in an optical force clamp, 35, 39 which allows observation of the hairpin dynamically sampling the folded and unfolded states. Records of molecular end-to-end extension versus time revealed two stable states and directly yielded Δx, the change in extension between them. The value of ΔG for each molecule was calculated as the product of Δx and F 1/2 , the force at which the hairpin spends equal time in the two states, which was determined by gradually varying the applied force (see Figure 2C and Experimental Section).
To characterize the sensitivity of ΔG to the ion atmosphere, the unfolding process was measured across a range of monovalent ion concentrations. For each ion, ΔG increased approximately linearly with log[M + ] ( Figure 3A , Tables S4−  S8) , consistent with previous thermodynamic frameworks for duplex dissociation that separate ΔG into electrostatic (ΔG el ) and nonelectrostatic (ΔG nonel ) components 29,33,51−55 (eq 1).
Electrostatic calculations are best used to supply differences in ΔG from one ionic condition to another, that is, ΔΔG. Thus, we treat ΔG nonel as a constant to evaluate the electrostatic component, ΔG el , both experimentally and computationally. In practice, this approximation holds over a wide range of ionic conditions (refs 25, 26, 33, 51 ; see also refs 27, 56). Here, ΔG nonel incorporates, for example, the energies to disrupt base pairing and stacking. ΔG el arises mainly from releasing cations (and a corresponding number of anions, by charge neutrality) that are held close to the DNA to the bulk solvent 4,57 upon duplex dissociation. This release, which yields less entropic benefit as the bulk concentrations of ions increase, occurs because ssDNA has a lower density of negative charges than dsDNA. The number of cations released (Δn) has been observed to be constant and independent of DNA concentration when bulk ions are present in excess (∼0.1 mM−1 M M + ). Under these conditions, ΔG el is proportional to the logarithm of M + :
4,51,57−59
A decrease in ΔG (the total energy to unfold the hairpin) indicates destabilization of the folded state relative to the unfolded state. We observed downward shifts in the measured ΔG series as the hydrated ionic radius 46 was increased at each [M + ] ( Figure 3A , Figure S5A ). This trend is consistent with larger counterions associating less closely and in smaller numbers with the folded hairpin. Such tendencies were suggested by experiments designed to monitor the competition between cations associating with DNA duplexes ( Figure  S5B) . 3, 60 Our results are also consistent with previous data revealing that duplexes 61−66 (as well as large RNAs 13, 67 ) are destabilized as larger cations in the ion atmosphere are substituted for smaller ones.
The slopes of lines fitted to the measured ΔG series ( Figure  3A) , which are proportional to Δn, were positively correlated with ionic radius (Table 1) , although differences were not significant beyond experimental error, and Li + (the smallest cation) did not follow this trend. Previous studies found that Δn exhibits little variation among the smallest monovalent cations 62, 64 but is lower for larger alkylammonium cations such as tetramethylammonium (TMA + ).
61,64 Figure 3A) , and the slope (m data , in kJ/ mol/log(mM)) was extracted. Similar linear fits to unfolding energies calculated from HEL, PB, and mfold yielded slopes of 41 ± 3, 32 ± 1, and 20 ± 5, respectively. The calculated unfolding energies were also fitted to each experimental ΔG series using χ 2 minimization, yielding the final χ 2 values (with four degrees of freedom) shown.
Most of the differences in ΔG within each monovalent titration, and also between titrations, arose from differences in Tables S4−S8 ). Previous measurements 68 have shown that the end-to-end extension of ssDNA increases with force but decreases with [M + ], as ions better screen adjacent charges along the phosphate backbone and facilitate greater DNA compaction. We saw Δx rise slightly with [M + ] over every titration. Thus, the effect of force prevails, but for most titrations, the overall change in Δx was negligible (<1 nm), and the values of Δx at the lowest and highest cation concentrations were not statistically different.
We also measured trends in ΔG as a function of the Mg (Table S6) . As was the case for all monovalent titrations, most if not all of the differences in ΔG were ascribable to differences in F 1/2 , and not Δx ( Figure 4B and C).
In both K + backgrounds, the experimental ΔG values increased substantially with [Mg 2+ ] up to 5 mM, but only marginally thereafter ( Figure 4A ). In addition, the behavior of the two titrations converged at 5 mM Mg 2+ and above. Similar patterns have been seen in the melting temperatures of DNA duplexes, which at ∼10 mM Mg 2+ reached apparent maxima and became insensitive to monovalent cation concentrations below ∼100 mM. 62, 69, 70 The simplest explanation for our observations would be that the ion atmospheres of the folded and unfolded hairpins become saturated with Mg 2+ when the bulk [Mg 2+ ] reaches ∼5 mM, such that K + (whether present at 40 or 200 mM) is essentially excluded, and adding more Mg 2+ has no effect. However, results from a cation competition experiment using a 24-bp DNA duplex cast doubt on this explanation. In the presence of 5 mM Mg 2+ and 40 or 200 mM K + , the numbers of K + ions remaining in the atmosphere were significant and differed depending on K + concentration. 3 More complex factors may therefore govern the energetics of DNA duplex folding in a mixture of monovalent and divalent cations. An early study using small-angle X-ray scattering (SAXS) revealed no changes in the normalized spatial distributions of monovalent and divalent cations around a DNA duplex as their relative abundances were changed, and the data were reasonably well predicted by PB. 20 However, small changes in the distributions may not have been resolvable with SAXS or PB, which does not account for finite ion size or ion− ion correlations and may inaccurately treat divalent cations near DNA. 71−77 The tightly bound ion theory, which accounts for the factors that PB does not, predicts a tighter association of Mg 2+ with dsDNA. 28, 56, 78 This theory, along with additional experimental tests of the distributions of monovalent and divalent cations around dsDNA and ssDNA, could provide further insight. The diminishing increases we observed in ΔG as [Mg 2+ ] was raised are likely due to the release of fewer Mg 2+ ions to the bulk solvent upon unfolding, which has been documented previously. 69 Hairpin Energy Landscape (HEL) Model Supports a Simplified Unfolded Ensemble. We were motivated to study the process of hairpin unfolding by the expectation that a simpler and more defined unfolded ensemble would exist with the hairpin under force than when free in solution (Figure 1 ).
Treating the unfolded hairpin as a worm-like chain, 79 we calculate an average Δx of ∼5−8 nm in the absence of force under our conditions. 80 The experimentally determined values of Δx (∼17−18 nm) are substantially larger and provide strong evidence that the unfolded state is elongated. To provide an independent test of this conclusion and to better understand our data, we compared them with the energetic predictions from two sources: the empirical mfold program 81 and the semiempirical hairpin energy landscape (HEL) model. 35, 41 Mfold provides estimates of the energies needed to break individual base pairs in a DNA helix in solution. These energies scale with the concentrations of monovalent (NaCl) and divalent (MgCl 2 ) salts, and were summed to obtain predictions of ΔG for our hairpin. Because the mfold standard energies were established from large experimental data sets of duplex melting obtained in the absence of conformational constraint, we expected mfold to overestimate the entropy possessed by the unfolded hairpin in our experiment. A greater entropic gain upon unfolding, stabilizing the unfolded state relative to the folded state, would result in a smaller value of ΔG. Indeed, predictions of ΔG from mfold were consistently lower than those measured ( Figure 3B , Figure S6 ).
The HEL model uses mfold as a starting point and adds the calculated energy of a hairpin as a function of its molecular endto-end extension during mechanical unfolding. As each base pair is broken under force, the liberated nucleotides join growing strands of ssDNA on either side of the hairpin, and thereby increase the measured extension. Thus, the HEL model adds to the base-pair mfold energy the energy (ΔG constrain ) necessary to keep the ends of the hairpin separated. The stretching of ssDNA is modeled by a WLC function. 35 The HEL model predicts that two distinct potential wells occur at low and high extension, corresponding to the fully folded and unfolded states of the hairpin, and that the hairpin undergoes an extension change Δx ( Figure 3D ) to switch states. The HEL model also predicts values for F 1/2 ( Figure 3C ) (by allowing the molecule to occupy these states with equal probability) and ΔG HEL ( Figure 3B ) (the product of F 1/2 and Δx).
The HEL model generally captures trends in ΔG more accurately than mfold alone ( Figure 3B ), as it did previously for other hairpin sequences in 200 mM K + . 35, 41 We emphasize that the HEL model produces absolute estimates of ΔG that may be directly compared to measured values, while electrostatic theories such as PB only estimate ΔG el and thus only changes in ΔG between ion concentrations. Here, the HEL model quantitatively reproduced values of ΔG across the full [M + ] range. ΔG HEL most closely matched ΔG for the Na + titration ( Figure 3B , Figure S6 , Table S1 ), likely because the mfold energies underlying the HEL calculations are based on measurements made in Na + . Nonetheless, the slope of the ΔG HEL trend was equal, within error, to slopes measured for the Li + , Rb + , and TMA + titrations (Table 1 ). The HEL model does not explicitly treat electrostatics. The [M + ]-dependence of the calculated ΔG HEL values originates from the corresponding ion dependencies of ΔG mfold and the WLC parameters (see Experimental Section). One such parameter, the ssDNA contour length, was estimated using an analytical description 44 of ssDNA stretching in the presence of monovalent cations, which, to our knowledge, has no analogue for divalent cations. Perhaps for this reason, the HEL model underestimated the experimental increases in ΔG upon adding Mg 2+ ( Figure 4A ), capturing the leveling-off of ΔG, but not the convergence between the two titrations. Figure 3D ). These observations suggest that the HEL model captures the energy necessary to maintain the conformational constraint of the unfolded hairpin against ssDNA compaction as monovalent cations are added.
PB Theory Recapitulates Trends in ΔG for Monovalent But Not Divalent Titrations. In parallel with our single-molecule measurements, we calculated electrostatic trends in ΔG versus [M + ] using PB theory. The folded and constrained unfolded states of the hairpin were represented computationally by all-atom models of a B-form helix and elongated ssDNA, respectively, flanked by dsDNA handles (Figure 1 ). The distance changes modeled for unfolding were very close to the values of Δx measured here and in a previous study using the same hairpin sequence, 35 and a sensitivity analysis showed that minor differences in Δx did not significantly affect the goodness of the fits (see Experimental Section and Table S2 ). At each value of [M + ], "virtual" ion atmospheres were established around the folded and unfolded models according to the PB potential. Changes in the associated free energy of solvation were then calculated, and ΔG el was determined as part of a full thermodynamic cycle (see Experimental Section and Figure S4 ).
The calculated trend in ΔG el was nearly linear in log[M + ], in agreement with the thermodynamic framework presented above (eq 2), and was fitted to the data aggregated across all ionic species ( Figure 3A) or to the individual ionic series by varying the offset in energy ( Figure 3B, Figure S6 ). PB does not explicitly consider ionic size, and therefore returns one ΔG el trend for all monovalent cations. The calculated trend was most similar to the K + series (Table 1 ), in agreement with previous studies of folded DNA duplexes. 3, 24 In general, there was good agreement between measured and calculated ΔG trends, which reflect changes in the relative stabilities of the folded and unfolded hairpin as the monovalent ion concentration is varied. As previous studies 3, 21, 23, 24 suggest that PB treats the association of monovalent ions with the folded hairpin with reasonable accuracy, our results suggest that PB also correctly treats monovalent ions around the unfolded hairpin.
While PB worked well in reproducing the trends of ΔG el for monovalent titrations, its efficacy was lower in the case of divalent titrations ( Figure 4A ). PB correctly predicted that the overall change in ΔG across a divalent titration would be larger against a less concentrated K + background, but it significantly underestimated the magnitude of this change for both titrations. 3, 24, 27, 29, 78, 82 and may result from ion−ion correlations, which the mean-field treatment in PB ignores. Such correlations allow Mg 2+ ions to associate closely with folded duplexes in a coordinated manner and to displace monovalent ions to a greater extent than predicted by PB, 3, 74, 77 leading to greater stabilization of the folded hairpin.
■ DISCUSSION
Nucleic acid folding is enabled by interactions between the molecule itself and the many ions comprising its ion atmosphere. The energies of these interactions govern the shape and composition of the atmosphere, bias which conformations the molecule adopts, and substantially dictate the folding pathway of the molecule. Such energies have proven difficult to measure directly 18, 83, 84 but are frequently estimated using electrostatic theories.
Several decades ago, Record and co-workers conducted pioneering biochemical studies of DNA duplex melting 54,85−87 and described the energetics of ion−DNA association using a theoretical framework that models the DNA backbone as a linear charge array. More recently, Draper and others have treated the folding of more complex nucleic acids using PB theory, [17] [18] [19] 88, 89 where advances in numerical methods have allowed calculations to be performed on arbitrary molecular conformations. These studies have provided valuable insights into nucleic acid folding. Nevertheless, the comparison of experiment and theory often requires the modeling of diverse conformational ensembles of unfolded (and partially folded) molecules in solution, which presents significant computational and theoretical challenges. Such diversity limits the use of experimental equilibria as benchmarks for developing and evaluating theoretical treatments of the influence of the ion atmosphere on nucleic acid energetics.
More direct comparisons can be made using simple nucleic acid systems where the range of accessible molecular conformations is limited. The ion-counting study mentioned above 3 focused on short DNA duplexes, which are structurally rigid and do not dissociate under mild conditions. Such studies provide fundamental experimental characterizations of the ion atmosphere around nucleic acids and can provide rich data sets for comparison with theory. Nevertheless, these studies do not report directly on thermodynamic equilibria.
Here, we have returned to the thermodynamics of DNA duplex melting as a function of the ionic composition of the solution, akin to the earlier studies, [25] [26] [27] 29, 33, 34, 53, 54, 59, 62, 64, 69, 70, 78, 85, 87, 90, 91 but have used force to impose useful conformational constraints on the unfolded hairpin, rendering the modeling of this ensemble more reliable, and facilitating comparisons of experiment and theory.
Our data support conclusions from prior studies that PB theory reasonably captures the energetic effects of monovalent cations on simple nucleic acid equilibria, but not those of divalent cations (refs 24−28, 78; see also refs 3, 20, 21, 72) . These conclusions thus hold despite potential difficulties in modeling the complex ensemble of unfolded single-stranded states free in solution. Improvements to PB, or alternative theories, will therefore be needed to capture the full energetic role of diffuse, divalent cations in the nucleic acid folding process, as well as to incorporate salient details such as cationic size and ion−ion correlations (see, e.g., refs 50, 56, 73, 92, and references therein). To this end, the experimental data presented here should provide benchmarks for the development and evaluation of more advanced electrostatic theories. 
